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Time-dependent chemo-electro-mechanical behavior of
hydrogel-based structures
Peter Leichsenring1 and Thomas Wallmersperger1
1Technische Universität Dresden, Institute of Solid Mechanics, 01062 Dresden
ABSTRACT
Charged hydrogels are ionic polymer gels and belong to the class of smart materials. These gels are multiphasic
materials which consist of a solid phase, a fluid phase and an ionic phase. Due to the presence of bound charges
these materials are stimuli-responsive to electrical or chemical loads. The application of electrical or chemical
stimuli as well as mechanical loads lead to a viscoelastic response. On the macroscopic scale, the response is
governed by a local reversible release or absorption of water which, in turn, leads to a local decrease or increase
of mass and a respective volume change.
Furthermore, the chemo-electro-mechanical equilibrium of a hydrogel depends on the chemical composition
of the gel and the surrounding solution bath. Due to the presence of bound charges in the hydrogel, this system
can be understood as an osmotic cell where differences in the concentration of mobile ions in the gel and solution
domain lead to an osmotic pressure difference.
In the present work, a continuum-based numerical model is presented in order to describe the time-dependent
swelling behavior of hydrogels. The numerical model is based on the Theory of Porous Media and captures the
fluid-solid, fluid-ion and ion-ion interactions. As a direct consequence of the chemo-electro-mechanical equilib-
rium, the corresponding boundary conditions are defined following the equilibrium conditions. For the interaction
of the hydrogel with surrounding mechanical structures, also respective jump condtions are formulated. Finaly,
numerical results of the time-dependent behavior of a hydrogel-based chemo-sensor will be presented.
Keywords: Polyelectrolyte Gel, Hydrogel, Porous Media, Numerical Simulation, FEM, Transport, Osmosis
1. INTRODUCTION
Polyelectrolyte gels are a class of chemically synthesized materials. They comprise a solid phase, i. e. a polymer
network with fixed charges and a fluid phase which is an electrolyte, i. e. an aqueous solution with mobile ions.
Hydrogels are immersed in a solution bath and show a response to variations of the external conditions. Changing
the concentration of the surrounding solution will lead to a reversible swelling or deswelling of the hydrogel. By
applying an external electric field a bending behavior1 can be observed.
Its chemo-electro-mechanical properties make hydrogels a promising material for new applications such as
sensor systems, e. g. pH sensors developed by Gerlach et al.,2 or micro-fluidic processors as presented by Richter
et al.3 An approach for the generalization of the hydrogel swelling is presented in Ehrenhofer et al.4 Numerical
analyses play an important role in the further development of these approaches. To make hydrogels accessible
to numerical investigations a continuum based model is developed and presented in the present study.
There exist different modeling approaches to describe the swelling behavior of hydrogels. By treating the
constituents of electroactive polymers separately, their interactions can be considered based on the material
properties of the constituents itself. Based on this modeling approach which is called Theory of Mixtures –
first described by Bowen5 – and the concept of volume fractions, the Theory of Porous Media can be derived.
Essential enhancements have been done by Bowen6 and Mow et al.7 in which theoretical and experimental results
can be found, and by de Boer.8 Frijns et al.,9 Sun et al.10 and van Loon et al.11 presented a triphasic and
quadriphasic mixture theory for the simulation of hydrated tissues. For ionic gels, a modeling approach was
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presented by Ehlers et al.12 and by Acartürk.13 A thermodynamically consistent model for polyelectrolyte
polymergels, which also respects electrical quantities, is given by Leichsenring et al.14 A more general approach
for a multiple-component, multiple-phase, polarizable, swelling porous medium with charged particles is given
by Bennethum and Cushman.15,16 An examination of the electric potential inside charged, soft, hydrated tissues
was given by Lai et al.17
2. NUMERICAL MODEL
The macroscopic behavior of hydrogels is driven by processes on the microstructure of the material. The struc-
tural composition of the hydrogel microstructure is highly irregular. The microstructure is composed of polymer
chains which form a solid matrix with an interconnected void. The void is filled with a solution consisting of a
solvent and mobile charges. For ionic hydrogels, fixed charges are bonded to the polymer chains. A schematic
representation of the hydrogel structure is shown in Fig. 1. To obtain a continuum based numerical model, a
homogenization process has to be performed for the microstructure. To avoid evaluating interfacial effects with
respect to the geometry and structure of the moving components, the Theory of Porous Media is applied, while
a definition of relevant quantities is given in subsection 2.1. The kinematical relations of the continuum are
summarized in subsection 2.2 which is followed by a brief introduction of the balance laws in subsection 2.3.
Figure 1: Homogenization of the hydrogel microstructure based on the Theory of Porous Media
2.1 Theory of Porous Media
The homogenization procedure is performed in two steps. First, by applying the theory of mixtures, a single
material point consits of every constituent of the material. Therefore, the whole body is governed by
B =
⋃
α∈V
Bα with α ∈ V = {1, . . . ,N} , (1)
where Bα denotes the domain of a specific constituent Vα of the set of constituents V. It is worth mentioning,
that the material element is defined by a unique coordinate ~x and no distinction is made for the individual Vα.
Instead of that, the differential volume of the material element is defined by the superposition
dv =
∑
α∈V
dvα , (2)
where dvα denotes the incorporated differential volume of constituent Vα. Consequentely, the volume of the
whole mixture V can be obtained by
v =
∫
B
dv =
∫
B
∑
α∈V
dvα =
∑
α∈V
∫
Bα
dvα =
∑
α∈V
vα . (3)
The second step of the homogenization procedure is a quantification of the mixture defined in Eq. (3). Therefore,
the concept of volume fractions is introduced in order to describe the composition of the mixture V by the volume
fraction
ϕα =
dvα
dv
(4)
In order to obtain a continum based model for hydrogels and referring to the composition of hydrogels as
shown in Fig. 1, a solid phase consisting of the polymer matrix VP and fixed charges V fc as well as a fluid phase
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VF is respected. The fluid phase VF consists of ionic constituents VI, these are mobile anions V– and mobile
cations V+, and the liquid VL. A definition of the subsets is given as follows:
Mixture V = VS
⋃
VF =
⋃
α∈V
Vα , α ∈ V = {S,F} = {P, fc,L,+, –} , (5a)
Fluid phase VF = VI
⋃
VL =
⋃
β∈VF
Vβ , β ∈ VF = {L,+, –} , (5b)
Mobile ions VI = V–
⋃
V+ =
⋃
γ∈VI
Vγ , γ ∈ VI = {+, –} . (5c)
In the present model formulation, the transport phenomena inside hydrogels are described by respective mass
density fields. By following the definition of the respective volume fractions in Eq. (2), the mass of a constituent
Vα can be referred to the bulk volume fraction dv or to the volume fraction dvα of the constituent itself.
Therefore, two distinct density measures
̺α =
dmα
dv
and (6a)
̺αR =
dmα
dvα
(6b)
exist, where ̺α is the partial density and ̺αR is the material density of Vα. They are coupled by Eq. (4) and
̺α = ϕα̺αR (7)
follows. Furthermore, if one considers the presence of a fluid phase, a density measure with respect to the volume
of the fluid phase can be defined in the same manner, such that
̺βF =
dmβ
dvF
. (8)
This relation is proven to be convenient in order to obtain a formulation for the ionic constituents depending on
their molar concentration cαm. With a given molar mass M
α
m and the amount of substance n
α
m, the density can
then be obtained by
̺βF =Mβmc
β
m with c
β
m =
dnβm
dvF
. (9)
2.2 Kinematics of the mixture
The definition of independent constituents as well as the quantities for the whole mixture will be pursued by
defining the kinematical relations of the continuum based numerical framework. As shown in Fig. 2, the motion
of the constituents Vα are defined by independent motion functions as
~x = ~χα( ~Xα, t) , (10)
where ~x is the location of the observed material point in the current configuration of B and ~Xα is the corre-
sponding location of the constituents Vα in the reference frame B0 = B(t = 0). The corresponding displacement
field ~uα, as well as the velocity vield ~vα, is then defined as
~uα = ~x− ~Xα and (11a)
~vα =
∂~x( ~Xα, t)
∂t
. (11b)
For the derivation of the constitutive laws, the formulation of the velocities with respect to the solid phase
VS is convenient. Considering the definition of the constituents of the mixture in Eq. (5), the velocity of the
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B(t = t0)
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~v1
~v2
~̄v
Figure 2: Reference configuration and current configuration of a mixture with two constituents
constituents of VF with respect to the solid phase is defined as ~wβ . Furthermore, a weighted velocity measure
for the fluid phase VF is denoted as ~wF, such that
~wβ = ~vβ − ~vS and (12a)
~wF = ~vF − ~vS with ~vF =
1
̺FR
∑
β∈VF
̺βF~vβ . (12b)
2.3 Balance laws
Proceeding from the relations for the kinematic behavior and the definition of the composition of the mixture,
balance equations and additional constitutive laws will be derived. Furthermore, the imposed restrictions of the
mixture will be discussed. First, the balance of mass is stated in subsection 2.3.1 and corresponding assumptions
for the mixture are discussed. Second, the balance of linear momentum is stated in subsection 2.3.2.
2.3.1 Balance of mass
The balance of mass for a constituent Vα is stated in the local form as
′
̺α = −̺α~∇ · ~vα + ˆ̺α , (13)
where ˆ̺α is the mass production density of the constituent Vα and ~∇ = ( ∂
∂x1
, ∂
∂x2
, ∂
∂x3
) is the nabla operator.
The material time derivative of the density ̺α is denoted by the (
′
·) operator, which is, for e. g. an arbitrary
scalar quantity aα, defined as
′
aα =
daα(~x( ~Xα, t), t)
dt
=
∂aα(~x, t)
∂t
+
∂aα(~x, t)
∂~x
·
dα~x( ~Xα, t)
dt
=
∂aα
∂t
+ ~∇aα · ~vα . (14)
The presented balance law for the conservation of mass in Eq. (13) is similar to the well known balance law for a
one-phasic material extended by a production density term. Following the superposition principle of the mixture
theory, the physical quantity of the mixture can be calculated by a superposition of the respective quantities of
the constituents Vα. Therefore, for an arbitrary scalar quantity and its time derivative,
a =
∑
α∈V
aα and
∑
α∈V
′
aα =
′
a −
∑
α∈V
(
~∇aα · (~v − ~vα)
)
(15)
holds. Furthermore, for a one-phasic material, the production density needs to vanish. As a consequence, the
restriction
∑
α∈V
ˆ̺α = 0 (16)
has to hold for the mixture. By applying the relations obtained in Eq. (15) and Eq. (16), Eq. (13) reads for the
whole mixture
′
̺ = −~∇̺α · ~v . (17)
Proc. of SPIE Vol. 10596  105961P-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 02 May 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
In this paper, the mass product density is neglected for each constituent and therefore ˆ̺α = 0. Furthermore,
the partial density of each constituent is assumed to be constant, i. e. ̺αR = const. From these two restrictions,
the balance law Eq. (13) can be transformed into
′
ϕα + ϕα~∇ · ~vα = 0 . (18)
The mixture is assumed to be fully saturated. Therefore,
∑
α∈V
ϕα = ϕS + ϕF = 1 (19)
has to hold. For the derivation of the field equations, an evaluation of the balance of mass for the fluid phase VF
as well as for the ionic constituents Vγ are performed. By incorporating Eqs. (9), (12a) and (19), the balance of
mass can be stated as
ϕF(cγm)
′S + cγm
~∇ ·
′
~uS = −~∇ ·
(
ϕFcγm ~w
γ
)
, (20)
where the superscript (·)′S denotes a time derivative d
S(·)
dt
with respect to the motion of the solid phase,
cf. Eq. (14). The mass balance for the fluid phase VF reads as
~∇ ·
′
~uS = −~∇ ·
(
ϕF ~wF
)
. (21)
2.3.2 Balance of linear momentum
The balance of linear momentum is given as
̺α~aα = ~∇ · T α + ̺α ~fα − ˆ̺α~vα + ~̂sα , (22)
where ~aα =
′
~vα is the acceleration of constituent Vα, the Cauchy stress tensor is denoted by T α and ~fα is a
body force density. The linear momentum production density of constituent Vα is denoted by ~̂sα. In the present
paper, inertial forces and body forces are neglected. Considering also the absence of the mass production density
ˆ̺α described in subsection 2.3.1, the balance of linear momentum can be stated in a simplified form. As shown
in Eq. (15), the balance law for the whole mixture can be found by a superposition. Therefore
for the constitutents Vα : ~0 = ~∇ · T α + ~̂sα and (23a)
for the mixture V : ~0 = ~∇ · T (23b)
holds.
2.3.3 Balance relations of electrodynamics
The balance relations of electrodynamics for the overall mixture will be introduced axiomatically. Due to the
diffusion dominated processes and thus a slowly varying electric field no electro-dynamical effects are taken into
account. In the absence of an external magnetic field the electro-static balance equations can be derived from
the Maxwell-equations as shown e. g. in.18 They can be stated in its macroscopic form as
~∇ · ~de = ̺e and (24a)
~∇× ~ee = ~0 , (24b)
where the primary variable is denoted by the electric field ~ee, and the electric displacement field ~de can be
expressed as
~de = ε0~ee + ~pe . (25)
To solve for the electric field, constitutive laws for the electric polarization ~pe and the electric charge density
̺e have to be defined. Furthermore, in electrostatics, the elctric field can be related to an electric potential ψe.
Following this, from Eq. (24b) and a substituition of Eq. (25) in Eq. (24a)
ε0~∇
2ψe = −̺e + ~∇ · ~pe (26)
can be derived.
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2.3.4 Closing the system of equations
The derived balance equations consist of unknown quantities which need to be quantified to obtain a closed system
of equations. In the framework of continuum mechanics, this is performed by defining respective constitutive
laws. For convenience, the derivation of the constitutive laws is not shown in detail. Instead, the unknown
quantities in the balance of the ionic constituents (20), in the balance of the fluid phase (21), in the linear
momentum balance (23) and in the balance relation for electrostatics Eq. (26) are given with respect to the
primary variables of the model.
The derivation of the constitutive laws is performed considering thermodynamic consistency. The evaluation
is then performed by applying the concept of effective stresses.19 Additionally, the saturation condition leads to
a hydraulic pressure πhyd, cf.6 It is derived by extending the entropy inequality by a Lagrange multiplier and
an evaluation following.20 As shown in,5 an additional pressure contribution is obtained from the evaluation of
the chemical potential of the constituents of the fluid phase VF. This pressure contribution can be identified as
osmotic pressure πβ,osm and is obtained by
for the constituents Vβ : πβ,osm = Rβs θ̺
βF and (27a)
for the mixture V : πosm =
∑
β∈VF
πβ,osm , (27b)
where Rβs =
R
M
β
m
denotes the specific gas constant and θ is the absolut temperature. The unknown stress tensors
of the constituents can then be obtained following13 as
for the constituents Vβ : T β =
(
−ϕFπβ,osm − ϕβπhyd − ψe̺
β
e
)
I , (28a)
for the solid phase VS : T S = T S,mech −
(
ϕSπosm + ϕSπhyd + ψe̺
fc
e
)
I . (28b)
For the momentum production densities, the evaluation of the entropy inequality leads to
for the ionic constituents Vγ : ~̂sγ = πγ,osm~∇ϕF + πhyd~∇ϕγ + ψe~∇̺
γ
e −C
γF · ~dγ , (29a)
for the fluid phase VF : ~̂sF = πosm~∇ϕF + πhyd~∇ϕF + ψe~∇̺
I
e −C
FS · ~wF . (29b)
The quantities CγF and CFS in Eq. (29) are second-order friction tensors to account for the momentum prodcu-
tion due to a relative motion of the ionic constituents and of the fluid phase, cf. Eq. (29a); and for the momentum
prodcution due to a relative motion of the fluid phase and of the solid phase, cf. Eq. (29b). They are defined by
following,21 such that
C
γF =
(
ϕF
)2 ̺γFRγs θ
Dγ
I and (30a)
C
SF =
(
ϕF
)2 γFR
kF
I (30b)
holds. In Eqs. (30), Dγ denotes the diffusivity of the constituent Vγ in the fluid, γFR and kF are the effective
fluid weight and the Darcy coefficient, respectively.
For the ionic constituents Vγ , the evaluation of the balance of linear momentum (23a) and a substitution of
Eq. (28a) and Eq. (29a) leads to
ϕF̺γF ~wγ = −
Dγ
Rθs θ
(
~∇πγ,osm + ̺γFe ~∇ψe
)
+ ϕF̺γF ~wF , (31)
where the simplification of a vanishing volume fraction of the ionic constituents ϕ
γ
ϕF
→ 0 is made.
For the fluid phase VF, the evaluation of the balance of linear momentum (23a) for T F =
∑
β∈VF T
β and a
substitution by Eq. (28a) and by Eq. (29b) leads to
ϕF ~wF = −
kF
γFR
(
~∇πosm + ~∇πhyd + ̺IFe
)
, (32)
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where the friction tensor (30b) has been used. A comparison with Eq. (21) shows that Eq. (32) is an expression
for the flux definition of the right hand side of the balance of mass for the fluid phase VF.
For the whole mixture V, the evaluation of the balance of linear momentum (23b) for T =
∑
α∈V T
α and a
substitution by Eq. (28a) and by Eq. (28b) leads to
~0 = ~∇ ·
(
T
S,mech − (πosm + πhyd)I
)
, (33)
where the electric charge density for the whole mixture ̺e =
∑
α∈V ̺
α
e ≈ 0 is assumed to vanish.
To finaly close the system of equations, a constitutive law has to be defined for the electric polarization and
the electric charge density. Following the classical procedure in electrodynamics, a linear relation of the electric
polarization and the electric field is defined
~pe = ε0χe~ee , (34)
where χe is the electric susceptibility of the material. The electric charge density is calculated by the number of
electric charges per volume. Hence, ̺e can be calculated by
̺e = ̺
fc
e +
∑
γ∈VI
̺γe = Fz
fc dn
fc
m
dv
+
∑
γ∈VI
Fzγ
dnγm
dv
= FzfcϕFcfcm +
∑
γ∈VI
FzγϕFcγm , (35)
where F is the Faraday constant and zγ denotes the valence of the constituent Vγ . A substitution of Eq. (34)
and Eq. (35) into Eq. (26) leads to
~∇2ψe = −
FϕF
ε0εr

zfccfcm +
∑
γ∈VI
zγcγm

 . (36)
The derived field equations form a closed system of partial differential equations consisting of Eqs. (20), (21),
(31), (32), (33) and Eq. (36).
3. NUMERICAL ANALYSIS
Since the analysis associated with the current study are based on the assumption of inifintessimal displacement
gradients, the distinction between the current configuration and the reference configuration for the whole domain
is neglected, i. e.
B ≈ B0 . (37)
Table 1: System of partial differential equations of the field equations and of the constitutive laws of the fully
coupled chemo-electro-mechanical model
Solid phase
Field equation ~∇ ·
(
T
S,mech
− πI
)
= ~0
Constitutive law T S,mech = 4 ~E : εS
Fluid phase
Field equation ~∇ ·
′
~uS = −~∇ ·
(
ϕF ~wF
)
Constitutive law ϕF ~wF = −
kF
γFR

~∇π + F
∑
γ∈VI
zγcγm~∇ψe


Ionic phase
Field equation ϕF(cγm)
′S + cγm~∇ ·
′
~uS = −~∇ ·
(
ϕFcγm ~w
γ
)
Constitutive law ϕFcγm ~w
γ = −Dγ
(
~∇cγm +
Fzγcγm
Rθ
~∇ψe
)
+ ϕFcγm ~w
F
Electric field Field equation ~∇2ψe = −
FϕF
ε0εr


∑
γ∈VI
zγcγm + z
fccfcm


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Figure 3: Two-dimensional modelling approach
As a consequence, the infinitessimal strain tensor
ε
S =
1
2
(
(~∇~uS)T + ~∇~uS
)
(38)
can be defined for the solid phase VS. The infinitessimal strain assumption further leads to the definition of the
linearized Jacobian. Considering the definition of the motion function in Eq. (10), the linearization leads to
dvS
dvS,0
= JS ≈ 1 + tr (εS) and (39a)
dvS,0
dvS
=
(
JS
)−1
≈ 1− tr (εS) . (39b)
As a consequence of the assumption of infinitessimal strains, the material behavior for the solid phase is assumed
to be linear elastic. Therefore, the linearized stress tensor of the solid phase VS is defined as
T
S,mech = 4 ~E : εS , (40)
where 4 ~E denotes the fourth-order tensor of elasticity.
The numerical analysis of the derived field equations of the coupled chemo-electro-mechanical problem is
performed in the framework of the Finite Element Method. Therefore, the set of field equations, which are
summarized in Tbl. 1, are solved in the weak form. For the time integration, the implicit Euler discretization
scheme is used. The numerical implementation is then performed in order to obtain a nine node shell element
Table 2: Material parameters for the fully coupled two-dimensional simulation
Description Variable Value Unit
Young’s modulus E 70 kPa
Poisson’s ratio ν 0 −
Diffusion constant of the cationic constituents D+ 1.33 · 10−9 m2/s
Valence of the cationic constituents z+ +1 −
Diffusion constant of the anionic constituents D– 1.33 · 10−9 m2/s
Valence of the anionic constituents z– −1 −
Initial concentration of the fixed charges V fc cfc 50 mol/m3
Valence of the fixed charges V fc zfc −1 −
Relative electric permittivity εr 80 −
Temperature θ 293 K
Specific hydraulic permeability k
F
γFR
9.6 · 10−15 m4/(N s)
Initial volume fraction of the solid phase ϕS 0.25 −
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(a) Schematic illustration of the two-dimensional ge-
ometry and its boundaries
t
c̄γm
c̄γ,0m
c̄γ,1m
t0
(b) Ionic concentration drop at the boundary of the
domain B
Figure 4: Illustration of the geometry (left) and boundary condition of the ionic constituents (right)
as shown in Fig. 3b. The numerical analysis is then performed in a cross sectional area of sample body shown in
Fig. 3a with a length in z-direction much larger compared to the dimensions ℓx = ℓy = 100µm. The mechanical
behavior of the polymer matrix is assumed to be isotropic and hence the Young’s modulus E and the Poisson’s
ratio ν are chosen in order to define the tensor of elasticity 4 ~E. All material properties are summarized in Tbl. 2.
In the present work, the hydrogel free swelling is investigated for a domain B with a rectangular shaped
cross-section and permeable boundaries. For the numerical analysis of the one-dimensional hydrogel swelling
behavior, the reader is referred to Refs. 22 and 23. A schematic illustraion of the numerical geometry is shown
in Fig. 4a. Please note, that the numerical analysis has been performed with 15 × 15 elements considering the
symmetry of the model. To trigger the swelling of the hydrogel, a drop in the ionic concentration c̄γ,0m → c̄
γ,1
m
of the mobile charges is prescribed at the boundary of the hydrogel domain, see Fig. 4b. From equilibrium
conditions, cf. Ref. 13 and Ref. 24, respective boundary conditions for the primary variables can be derived.
Table 3: Summary of the physical instants of time choosen for the evaluation of the numerical results
t0 t1 t2 t3 t4 t∞
t (ms) 0 1.3 3.3 6.0 26.7 ∞
An evaluation of the results shows, that the swelling process is governed by a water uptake over the boundary
of the hydrogel domain. As shown in Fig. 5, the magnitude of the fluid flux is the highest in the middle of the
hydrogel boundary and zero at the edges of domain the B. From the time-dependent results, a exponential decay
of the fluid flux can be identified. A summary of the instants of time for the evaluation of the results is given
in Tbl. 3. Please note, that the fluid flux in Fig. 5 is defined as ~jF = ϕF ~wF. As there is no application of an
external pressure, the fluid flux ~jF is zero in the stationary case at t = t0 and t = t∞.
t = t0 t = t1 t = t2
t = t3 t = t4 t = t∞
10−15
10−14
10−13
10−12
||~jF|| (m/s)
Figure 5: Magnitude of the fluid flux ||~jF|| for six instants of time on the deformed configuration
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t = t0 t = t1 t = t2
t = t3 t = t4 t = t∞
0
50
100
150
|T S,mechxy | (Pa)
Figure 6: Mechanical stress T S,mechxy for six instants of time on the deformed configuration
The fluid flux leads to an initial stretch of the edges of the domain B. Ths swelling process is then followed
by local stretch of the bulk domain. Consequently, the mechanical normal stress is initially the highest at the
boundary of the gel domain which propagates towards a homogeneous stress distribution for t → t∞. Due to
the distributed water uptake over the domain boundary, a time-dependent shape change of the domain can be
observed. As a consequence, mechanical shear stresses in the material occur which are shown in Fig. 6. The
time-dependend behavior exploits a shear stress which, due to the symmetry of the loading and geometry, only
shows a symmetric shear stress if the absolute value is plotted. In the stationary equilibrium at t = t0 and
t = t∞ the mechanical stear stress T
S
xy has vanished due to the homogeneous strain field.
4. CONCLUSION
In the present paper, a coupled chemo-electro-mechanical formulation based on the Theory of Porous Media
has been applied to hydrogels. Therefore, a continuum-based model formulation has been pursued, while the
thermodynamic consistency has been respected in order to define the constitutive laws.
The field equations have been solved in the framework of the Finite Element Method. Subsequentely, the
hydrogel free swelling behavior is analysed as a response to a chemical stimulus. The numerical results have been
obtained by making use of a nine-node shell element. From the numerical results, the time-dependent behavior
of hydrogels has been analyzed. The uptake of water has been shown to vary over the edge of the hydrogel
domain. As a consequence, hydrogels exhibit a non-uniform time-dependent swelling behavior which leads to a
time-dependent mechanical shear stress.
The formulation based on the Porous Media Theory allows to capture the time-dependent effects in the
hydrogel under a chemical stimulus. Concluding, the applied model (i) is capable of describing the chemo-
electro-mechanical behavior of gels and (ii) can be applied to enhance the design of hydrogel based structures.
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